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Abstract. Using historical observations and model simula- 1  Introduction

tions, we investigate ozone trends prior to the mid-1970s on-

set of halogen-induced ozone depletion. Though measureGreenhouse gases (GHGs) can be divided into two types:
ments are quite limited, an analysis based on multiple, indong-lived, relatively stable gases, and short-lived, reactive
dependent data sets (direct and indirect) provides better corgases. Trends in the long-lived gases,»COH4, N>O, and
straints than any individual set of observations. We find thatchlorofluorocarbons (CFCs), have been measured since the
three data sets support an apparent long-term stratospheri®50s, and data previous to that time are available from ice
ozone trend of-7.2 + 2.3 DU during 19571975, which  cores. Since these gases are well-mixed in the atmosphere,
modeling attributes primarily to water vapor increases. Thesurface data from a single location are in principle adequate
results suggest that 20th century stratospheric ozone deplée determine their global distributions. Both their modern
tion may have been roughly 50% more than is generally supand historical behavior is therefore well known, and their ra-
posed. Similarly, three data sets support tropospheric ozondiative forcing is regarded as known with “very high” con-
increases over polluted Northern Hemisphere continental refidence (Intergovernmental Panel on Climate Change, 2001;
gions of 8.2+ 2.1 DU during this period, which are mutu- hereafter IPCC, 2001). For the short-lived greenhouse gases
ally consistent with the stratospheric trends. As with paleo-ozone and water vapor, however, little is known about their
climate data, which is also based on indirect proxies and/ohistorical trends. Ozone is too reactive to leave useful traces
limited spatial coverage, these results must be interpreteéh ice cores, while the hydrological cycle thoroughly ob-
with caution. However, they provide the most thorough esti-scures records of past water vapor concentrations. We are
mates presently available of ozone changes prior to the cointherefore restricted to direct measurements, which are almost
cident onset of satellite data and halogen dominated ozonexclusively from the late twentieth century. Furthermore,
changes. If these apparent trends were real, the radiativsince the distribution of these two gases is very inhomoge-
forcing by stratospheric ozone since the 1950s would themeous in the troposphere, data from many locations and at
have been-0.15+ 0.05W/n?, and —0.2W/n? since the  many altitudes are necessary to give an adequate picture of
preindustrial. For tropospheric ozone, it would have beentheir global abundances. Trends in the tropospheric abun-
0.38+ 0.10 W/n? since the late 1950s. Combined with even dance of both of these gases are therefore poorly known, as
a very conservative estimate of tropospheric ozone forcingdata are sparse. In the stratosphere, these gases are both dis-
prior to that time, this would be larger than current estimatestributed more homogeneously, and more data are available.
since 1850 which are derived from models that are even les&or ozone, reliable global stratospheric data became avail-
well constrained. These calculations demonstrate the imporable in 1979, and trends can be accurately estimated since
tance of gaining a better understanding of historical ozonehat time (Harris et al., 1997; World Meteorological Organi-
changes. zation, 1999; hereafter WMO, 1999; Staehelin et al., 2001)
(Limited satellite data are available from the BUV instrument
for 1970-1977, but have numerous drift problems; Rodgers,
1988; Heath, 1988). Yet that time coincides with the onset
Correspondence td. T. Shindell of ozone depletion induced by halogens released from CFCs.
(dshindell@giss.nasa.gov) Ozone trends during the 1980s and 1990s would therefore
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not be expected to be representative of ozone’s behavior duconnote a more realistic range given the limited data avail-
ing earlier times, which remains poorly known. For strato- able and the inferences required for indirect measurements.
spheric water vapor, though the data are limited in cover-We focus initially on the period from 19571975.

age to northern mid-latitudes, trends have very recently been

extended back before the mid-1970s (Oltmans et al., 2000;

Rosenlof et al., 2001), and the satellite data suggest tha2 The five data sets

northern mid-latitudes are in fact globally representative.

Large scale tropospheric and total column ozone trendg-ive independent data sets provide valuable constraints, pri-
prior to the late 1970s onset of the chlorofluorocarbon andmarily at mid-latitudes, and we describe each briefly in turn.
satellite eras were investigated in the past (Komhyr et al. Observations show a positive water vapor trend in the strato-
1971, Johnston et al., 1973; London and Kelley, 1974; Parrysphere. An analysis of ten different data sets covering the
1977; Angell and Korshover, 1978; Logan, 1985). Recentyears 1954-2000 yields an overall increase of 1%y or
studies, however, have tended not to analyze this unique peabout 0.4 to 0.5 ppmv per decade in the lower stratosphere
riod, concentrating on more recent times (Krzyscin, 1994;(Rosenlof et al., 2001). This trend is based on data at North-
Harris et al., 1997; WMO, 1999; Staehelin et al., 2001). ern Hemisphere (NH) mid-latitudes taken by ground-based,
Though column data from Arosa prior to the mid-1970s areballoon-borne, aircraft, satellite and Space Shuttle borne in-
often discussed, a single location is inadequate to determingtruments. Though early data coverage are very sparse, the
large-scale trends. Given the importance of historical ozondact that ten data sets taken by five types of instruments show
trends for climate, and the emergence of new data sets, weimilar trends gives us a reasonable degree of confidence in
believe it is an appropriate time to revisit this topic in an ex- this value.
ploratory manner. Total column ozone measurements at many stations date

While the available data prior to the mid-1970s are quitefrom the International Geophysical Year in 1957. Several
limited in spatial and temporal coverage, they neverthelessrend analyses have been performed on these data covering
provide the only means to constrain the historical behavior ofthe period since the 1970s (Bojkov et al., 1995; WMO, 1995;
ozone and water vapor prior to the onset of halogen-inducedHarris et al., 1997; WMO, 1999). Ozone depletion since
ozone depletion. We combine existing data, including the rethen, however, has been predominantly due to the large in-
cent analyses of water vapor trends, with a new analysis otreases in halogens since the mid-1970s, driven by the pro-
column ozone data presented here, to obtain a more completiuction of CFCs. We have therefore performed our own anal-
multisource record of historical trends. While the limitations ysis to derive trends over the period from 1989075. Al-
of the data are significant, trends in ozone and water vapothough the data are somewhat less reliable for this period,
are coupled, so that there are fewer degrees of freedom whethere are still a large number of stations, and it provides the
the system as a whole is studied. In fact, the system is overbest indication of stratospheric ozone’s response to long-term
constrained, so that each trend is forced by at least two datahanges prior to anthropogenic halogens. We used column
sets. Thus the conclusions are relatively robust even if one obzone values obtained from the World Ozone Data Center
the data sets does not accurately represent past trends. TakenToronto. The data were carefully screened to produce the
in its entirety, we therefore believe that the data, including themost reliable trend estimates, and closely examined for sys-
new analyses of water and column ozone, are now sufficientematic biases in order to compensate for the poor quality
to allow a meaningful attempt to develop a coherent, self-of some of the data in the archive (see Appendix). Unfor-
consistent scenario for trends in the reactive climate gasesinately, few stations are available for the Southern Hemi-
(except for tropospheric water vapor). We emphasize thasphere (SH), though coverage is more thorough in the North-
similar to paleoclimate data, which are widely used to in- ern Hemisphere (NH). Station data used in calculating the
vestigate climate prior to thermometer measurements, thestends are summarized in Table 1. Best estimate mid-latitude
data must be interpreted with caution, but we feel that bothcolumn trends are 3.%& 2.2 DU for the NH, and-9.6 + 6.6
types of data are nevertheless valuable for providing at leasbU for the SH. The values for the NH are smaller than those
limited information on an otherwise unknown period of the found in studies performed during the 1970s. Those found
past. While the data cover only the period from the latetrends of approximately 14 4 DU for 1960-1970 using 76
1950s to the late 1970s, the trends indicate the ozone anstations between 0 and 90 N (Johnston et al., 1973), about
water response to long-term increases in emissions af CO 30+ 9 DU for 19571970 using around 80 NH stations, or
N2O, CH,, and ozone precursors. These were the main facabout 9-12 DU from the early 1960s to the mid-1970s using
tors driving changes throughout the industrial era (prior to thearound 50 stations at Northern mid-latitudes (Parry, 1977;
1970s increases in CFCs), and have largely increased mondngell and Korshover, 1978). We believe that these trends
tonically. The 1950s to 1970s trends may therefore be extrapare too large, and that our screening process, corrections for
olated back throughout the industrial era with some degreeerosols and discontinuities, and exclusion of the polar re-
of confidence (especially in the stratosphere). We present 2gions (see Appendix) provide more reliable estimates than
sigma uncertainties throughout this paper, as we feel thesthe earlier calculations. A similar conclusion was in fact im-
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Table 1. Observed 19571975 ozone column trends (DU) for stations meeting “best estimate” criteria

Location Latitude Longitude Trend 1-sigma Years Instrument Altitude
of data Code (m)

Edmonton 535N 1141 W 16.4 6.4 19 03 766
Goose Bay 53.3N 60.3W 229 8.6 14 03 44
Potsdam 52.2N 13.1E 1.8 14.8 12 03 89
Belsk 51.8N 20.8E -4.0 11.2 13 03 180
Oxford 51.8N 12w 19.0 5.1 19 03 140

Bracknell 514N 0.8W -149 12.7 9 03 70

Uccle 50.8 N 43E 14.8 13.8 10 03 100
Hradec Kralove  50.2 N 158 E 11.9 11.6 15 03 285
Caribou 46.9N 68.0 W 10.9 7.4 16 03 192
Arosa 46.8 N 9.7E 0.5 5.2 19 03 1840
Bismarck 46.8 N 100.8 W 11.4 5.1 17 03 511
Green Bay 445N 88.1W 10.4 9.4 15 03 209
Toronto 43.8 N 79.5W 6.6 6.7 16 03 198

Cagliari 43.3N 425E 27.3 8.6 19 03 2100
Sapporo 43.0N 141.3E -224 5.7 18 04 19
Mont Louis 425N 2.1E 30.5 7.9 14 03 1650

Bedford 425N 71.3W 295 13.8 9 03 80

Vigna di Valle 421N 12.2E 5.7 5.0 19 03 262

Naples 40.8 N 152 E -9.3 8.2 13 03 45
Boulder 40.0N 1052w -84 8.8 12 03 1689
Messina 38.2N 156 E -2.4 7.2 19 03 51
Nashville 36.2N 86.6 W 10.5 8.5 14 03 182

Tateno 36.0N 140.1 E -9.5 3.3 19 03 31
Srinagar 34.1N 748E -14.6 4.5 17 03 1586
Kagoshima 315N 1306 E 29 3.0 16 04 31
Tallahassee 304N 84.3 W 13.5 8.8 10 03 21
Quetta 30.1N 66.6 E -1.3 5.4 16 03 1721
Varanasi 25.3N 83.0E 23.8 9.1 13 03 76
Mount Abu 246N 72.7E 13.2 5.2 11 03 1220

Ahmedabad 23.0N 72.7E 8.0 7.0 10 03 55
Dum Dum 226N 88.4E 13.1 8.9 11 03 27

Pretoria 25.7S 282E -28.1 12.1 9 03 1369
Brisbane 274S 153.1E -5.4 5.1 19 03 3
Aspendale 38.0S 1451 E -10.9 4.9 19 03 1
Macquarie Is. 5458S 159.0E -3.7 15.9 10 03 6

plicitly reached by Johnston et al. (1973), who showed thatwhile the NH trend indicates that the increase in tropospheric
when screened to include only the stations with at least 3@®zone there is comparable to stratospheric depletion. We
months of observations during 1960962 and 19631970  therefore treat the two hemispheres as largely independent
(30 out of 76 in the NH, 2 out of 17 in the SH), their trends data sets.
became about 7.5 DU for 1961970 in the NH, and-6.7
DU in the SH. Stratospheric trends were probably similar in )
the two hemispheres, as modeled ozone responses to tracel-astly, two sparse sets of measurements of ozone in the
gas and solar forcings are largely symmetric (WMO, 1999),troposphere are available prior to the mid-1970s. Surface ob-
though our modeling indicates that circulation changes rna)ﬁervations from 6 s[tes in Europe taken from the late 19303 to
have accounted for a very small portion of the NH trend. the 1950s (Staehelin et al., 1994) can be compared with ob-
The interhemispheric differences can be accounted for byservations at similar sites in Europe taken during the 1970s
the large increase in tropospheric ozone pollution in the NH,(Logan, 1985; Low et al., 1992). Ozonesonde data from
whereas the SH remained relatively pristine. The SH recordhe late 1960s to the early 1980s are available from 8 mid-
therefore reflects primarily a decrease in stratospheric ozondatitude stations in the NH, and 1 station in the SH, and have
been used previously for trend analyses (Logan, 1985).
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Table 2. Modeled mid-latitude stratospheric ozone column Changeserogeneous reactions. The parameterization of stratospheric

(DU) chemistry used in the GCM was derived from this 2-D model.
The parameterized stratospheric chemistry calculates ozone
Forcing 1957-1975 trend  1850—1975 trend anomalies, which are then gdded to the GCM’s ozone clima—
tology to derive the ozone field. Only the ozone anomalies
N20 -0.2 —0.7 are transported by the GCM, which does this using climato-
Solar irradiancé -1.2 +0.5 logical meteorology fields (i.e. any circulation changes do
Halogen& -18 -1.8 not affect ozone transport, as circulation changes are not in-
Temperature 01 0.2 cluded in'thi.s s}udy) ;ran;port of .the blackgr?)und oTzr?ne
amounts is implicit in the time-varying climatology. e
Water vapof —45 72 GCM version used here for the stratospheric simulations has
All except watef -3.9 —2.1 23 vertical layers extending te- 85 km altitude, and has
All® -8.3 -9.1 a horizontal resolution of 8 degrees latitude by 10 degrees
longitude (Rind et al., 1998). The model uses a second-
@ 2-D and GCM 15% different here, circulation related. order moments scheme for transport of heat, moisture and
b Nearly all the halogen-induced depletion took place betweenmomentum, however, giving it effectively higher resolution.
1970 and 1975. The model also contains a parameterized gravity-wave drag

¢ In GCM only. The temperature change due to greenhouse gas inscheme in the stratosphere, enabling it to give a realistic cli-
creases is negative in the middle and upper stratosphere, but in ”}‘ﬁatology of winds and temperatures.
lower stratosphere, we see a warming related to dynamics in the tro- Stratospheric ozone changes were calculated for the

posphere which extends into the lowermost stratosphere. Thus thf957_1975 period based on changes in the factors control-

temperature change leads to less ozone in the lower stratospher, 40 the ozone buddet: nitrogen oxides. temperature. hvdro
and more ozone higher up. This cancellation gives us the relativelﬁ 9 z uaget. nitrog xides, P ure, ny

small overall column impact. A 2-D chemistry model, that would gen oxides, halogens, and solar irradiance. N'tmgen_ O>_('
not have been able to capture the dynamical response to increasd@® abundance changes were calculated from trends in its
GHGs seemed to give a larger response of ozone to increasgd caPrimary source gas, 20, which has been well measured
(WMO, 1999), presumably due to radiative cooling throughout the (IPCC, 2001). Temperature changes were based on previ-
stratosphere. ous GCM simulations driven by observed increases in green-
4 Including -0.9 and —2.5 from methane oxidation for 1957-1975 house gases, which tended to cool the stratosphere (Shindell,
and 1850-1975, respectively. The sensitivity of ozone to increase@001). Methane increases were also based on observations
water vapor is broadly consistent with that seen in a 2-D model(|pCC’ 2001). These generate hydrogen oxides, and also al-
SDvortsov and Solomon, 2001). I _ ter the partitioning of chlorine species. Halogens trends were
Total _trend_s_ are not equal tg the sum of the individual forcings duebased on observed CFC trends (IPCC, 2001). While halogen
to nonlinearities in the chemical system. .
abundance grew to very large levels during the late 1970s and
the 1980s, the increase up to the mid-1970s also had some in-
. ) fluence on stratospheric ozone. While using the period from
3 Use of the data to constrain reactive GHG trends 1957 until 1970 would have removed nearly all trace of halo-
gens, we felt that it was a worthwhile tradeoff to include the
We evaluate 19571975 trends from all the data, beginning additional years of the early seventies, when halogen loading
with the stratosphere. Increased stratospheric water vapowas still fairly small, to obtain more reliable trend estimates.
leads to increased production of hydrogen oxides, which cat- Solar irradiance trends were based on a reconstruction
alytically destroy ozone, so that the behavior of ozone andLean et al., 1995). The 1957 to 1975 time frame began near
water is coupled (hydrogen oxides also affect ozone by altera maximum in the~ 11-year solar cycle, and ended near a
ing the partitioning of reactive nitrogen and chlorine species).minimum, so that there was an overall decrease over this par-
The observed increase in water vapor therefore implies a deticular period as part of the cyclic behavior of solar output.
crease in stratospheric ozone, as does the strong negativ@riations in volcanic aerosol were not included, since al-
trend in the SH ozone column observations. The Goddardhough there was a significantly higher aerosol loading for
Institute for Space Studies (GISS) general circulation modekl few years in the mid-1960s, there should have been little
(GCM) with parameterized stratospheric chemistry and theimpact on the overall trend as the loading in both the late
GISS 2-D photochemical model (Shindell et al., 1998; Shin-1950s and mid-1970s was quite small (Sato et al., 1993).
dell, 2001), both updated to the most recent laboratory dat&Changes in circulation were also neglected, as these have not
(Sander et al., 2000), and validated against satellite obseeen quantified. Water vapor changes were prescribed based
vations (Shindell, 2001), are used to infer trends from theseon the observations discussed above (the contribution from
two data sets. Intermodel differences were within 10%, ex-methane oxidation alone was also calculated). Uncertainty in
cept as noted. The 2-D model contains 44 molecules and 13the calculated ozone trends arises predominantly from water
reactions important for stratospheric ozone, including het-vapor, which has the largest impact and also a large mea-
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Table 3. Observed Northern mid-latitude summer surface ozone (ppbv)

Station Altitud¢  Pre-1960 Station Altitude  1970s
ozoné ozoné
Arkona 0 16 Arkona 0 31
Lauterbrunnen 800 17 Garmisch-Partenkirchen 740 43
Chamonix 1000 21 Hohenpeissenberg 900 mb 33
Pfaender 1000 16 Payerne 900 mb 41
Fichtelberg 1200 18 Fichtelberg 1200 28
Arosa 1800 25 Wank Peak 1800 39
Average 18 Average 37

¢ Altitudes are estimated to the nearest 100 m, except for sonde data for which they are given in pressure~9Q0in).
b Values are observations prior to 1960 (Staehelin et al., 1994) and during the 1970s (Logan, 1985; Low et al., 1992).

surement uncertainty. To characterize this, we use the +0.0&ore slowly in the SH, as observations from Aspendale, the
to +0.08 ppmv/yr range from lower stratospheric in situ ob- only SH mid-latitude station reported, show no statistically
servations (Rosenlof et al., 2001), as the increase at thessgnificant trend even at the 1-sigma level. Thus it appears
altitudes dominates the ozone column impact. that NH column trends may reflect partially offseting strato-

The modeled changes in the stratospheric ozone columiPheric decreases and tropospheric increases. Indeed, a sug-
due to each factor are given in Table 2. A twenty year run9€stion of such opposing trends has been noted by previous
with 1975 conditions is compared with a twenty year 1957 authors based on early European sonde measurements (Stae-

control simulation. An additional run without the water va- helin etal., 1998).

por changes was also performed. The model diagnostics Another source of information on tropospheric ozone in-
record the effect of each factor in the ozone budget. In-creases comes from comparing summer surface measure-
cluding increased water vapor, the ozone trend from 1957 tanents taken over Europe from the late 1930s to the 1950s
1975is—8.3+ 4.0 DU (8.2 in the GCM,—8.4 inthe 2-D  (Staehelin et al., 1994) with observations taken in the mid-
model). This value is quite consistent with the value obtained1970s (Logan, 1985) (Table 3). While these data primar-
from the SH total column data 6f9.6+ 6.6 DU. The agree- ily reflect boundary layer concentrations, some of the obser-
ment is maintained if values from the coupled troposphericvations were taken at mountaintop observatories, and there-
chemistry-climate model are used to remove the tropospherifore give us an indication of conditions within the free tropo-
portion of the SH column data. Those model results, dis-sphere. As with sonde measurements, these data show large
cussed further below, gave a tropospheric increase of-1.1 increases in the NH at mid-latitudes, of /.6 ppbv for the

0.6 DU inthe SH. Stratospheric change inferred from the col-six stations shown in Table 3 with observations available at
umn is then—10.6+ 6.6 DU, still in good agreement with  both times at similar locations and altitudes.

the stratospheric chemistry model.  This suggests that Sig- \ye have used results from a coupled chemistry-climate
nificant stratosp_herlc ozone de_plet|on may have taken plac_‘éimulation with the GISS GCM (Shindell et al., 2001) to
before the CFC induced depletion of the 1980s and 1990s, if ey tropospheric trends from the surface changes. The

large part because the stratosphere appears to have beco@e version used for the tropospheric chemistry-climate
progressively wetter during that period (Table 2). runs has 9 vertical layers and a horizontal resolution of 4
We now examine the behavior of tropospheric ozone. Tro-by 5 degrees, and contains an online calculation of chem-
pospheric column increases of &90.8% yr ! were seen at istry related to tropospheric ozone (rather than a parameter-
eight northern mid-latitude ozonesonde stations from the latézation such as was used for stratospheric chemsitry). The
1960s to the early 1980s (Logan, 1985). The sonde trends ddifference between preindustrial and present-day simulations
not coincide perfectly with the time of interest, and would (which is similar to that seen in other models; Shindell et
likely have been slightly larger, at least over North America, al., 2001) was used to represent the geographic distribution
prior to mid-1970s pollution controls (Logan, 1985), so we of anthropogenically induced changes in tropospheric ozone.
adopt a trend of 1.1% y#* for our estimate, well within the  Changes in anthropogenic emissions can best be prescribed
uncertainty range. Assuming this same trend back to the latat these two times, as they have been well characterized for
1950s, and a tropospheric ozone column of about 30 DU irthe 1990s (Graedel et al., 1993), and most were zero in the
the mid-1970s, this yields an increase of (.3 DU ex-  preindustrial era, whereas in between these times, emissions
tended over the 19571975 period. Note also that the sonde are not well known (the very recent publication of invento-
data support the idea that tropospheric ozone increased mugfes by van Aardenne et al., 2001 will enable more realistic
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Fig. 1. Tropospheric ozone column change from 1957 to 1975. A modeled distribution of the anthropogenic impact on tropospheric ozone
has been scaled to match observed surface increases from the 1950s to the 1970s, as described in the text.

simulations of ozone’s time-dependent evolution to be per-150 mb. This agrees quite well with observed changes from
formed in the future). Large uncertainties remain even forthe late 1960s through the late 1970s or early 1980s (Logan,
the preindustrial, however, as emissions of ozone precursor£985). Of course since this is an indirect determination from
from biomass burning and natural emissions of non-methanea limited set of data (some of which are slightly mismatched
hydrocarbons are not well quantified. This modeled distribu-in time), our confidence in this individual trend value is very
tion of anthropogenic ozone change in the troposphere watow.

then scaled so that the model's summertime values match the Tropospheric 0zone changes can also be inferred from

observed mean surface values over Europe during the 195Qfe N column trend minus the mean stratospheric change.
and the mid-1970s. This assumes that the spatial pattern 6f,,o column data come from both urban (but screened to
anthropogenic ozone increases in the troposphere does not 3 iion 1975 population, see Appendix) and rural con-
vary significantly with time (i.e. that proportional rates of tinental sites. These were largely located in the same geo-
industrial emissions were broadly constant around the Worldgraphic areas as the ozonesonde stations, namely eastern and
assuming these are subsequently spread out over large aré@gnra| North America, central Europe, and Japan, where ob-
especially in the zonal direction), so that the model's distri- e ations came from the same three stations as for the sonde
bution can essentially be used to fill in areas with no data. 15 (no sonde data from the Indian subcontinent were avail-
Tropospheric column trends from the difference between theable). Increases in SQrause a small positive bias in pol-
two scaled distributions (Fig. 1), using all land grid boxes luted, urban areas, which we estimate to be1 D0 DU av-

from 20 to 50 degrees, are 74 1.8 DU for the NH, and o564 over all NH stations (WMO, 1995), and remove from
1.1+ 0.4 DU for the SH. Including the uncertainty in the (a4 trend.

mean observed surface change, they aret7.3.1 DU for o ) ) )
the NH, and 1.1+ 0.6 DU for the SH (used previously in The combination of NH mid-latitude tropospheric ozone

the stratospheric ozone discussion). Using only grid boxe<£hanges derived from total column data, ozonesondes, and
containing the observing stations gave results within 5% ofSurface measurements allows us to better constrain the mean
these values, as the model's& degree resolution consider- €hange in NH tropospheric ozone. This can then be used
ably smooths the variability of the tropospheric 0zone fielg. to revise the stratospheric trend estimated from NH column

Inferring column values from surface data is possible sinceMinus NH tropospheric change, which in turn allows us to

the model's vertical structure of ozone changes is realistic/MProve the estimate of the multisource stratospheric trend,

Modeled changes decrease very slowly from the surface ug© that iteratively we arrive at the mean and 2-sigma uncer-
to ~ 600 mb, then more rapidly, decreasing to only 20% of tainties based on all five data sets (Fig. 2). By weighting

the boundary layer value by 250 mb, and to near zero b)}he mean according to _the inverseT square qf the uncertainty
of each data set, the final result is proportionately less af-
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NH ozonesonde
observations:
+6.0+ 5.3DU

SH column observations:
-9.6+6.6DU

Observed lower
stratospheric water
(many instruments):
+0.6 - 1.5 ppmv

¥

Chemistry model including
perscribed water increase:

NH surface observations:
+17 + 5.6 ppbv

NH column observations:
+3.5+2.2DU

SH column minus
modeled SH troposphere:
-10.6 + 6.6 DU

v

NH column
minus stratosphere:
(-1.0 £ 1.0 DU SO2 correction),

NH column minus
NH troposphere:
(-1.0 £ 1.0 DU SO2 correction)

Inferred with tropospheric
chemistry-climate model:

-8.3+ 4.0 DU 57+32DU +9.7 + 3.3 DU *+77+31DU
¢ T N 4/
Stratospheric - ~ NH tropospheric
ozonetrend: |~/ N ozone trend:
-7.2+23DU +8.2+2.1DU

Fig. 2. NH mid—latitude ozone trends from 1957 to 1975 and their 2-sigma uncertainty using our multisource approach. Values based directly
on observations are shown in shaded ovals, values derived primarily from data are in open ovals, while those from data driven models are
in open rectangles. The final trends are shown in the lowest rectangles, and were calculated iteratively due to interactions between trend:
in the troposphere and stratosphere (shown by dashed arrows). Mean values and standard deviations are based upon uncertainty weight
calculations (i.e. weighted by the inverse square of the uncertainty). Tropospheric trends are calculated over land.

fected by the more uncertain values, such as the SH columd Extension back in time

observations which are based on only four stations. The fi-

nal values upon convergence of the iteration-ae2+ 2.3 Assuming that the 1950s to 1970s trends derived here are
DU for the stratospheric trend, and &22.1 DU for the  at least qualitatively realistic, they indicate that long-term
NH continental trend. Clearly, only with the use of multiple, changes in stratospheric ozone and water vapor prior to halo-
independent data sets are the results more than marginallyen induced depletion were largely driven by GHG and so-
significant, demonstrating the usefulness of this multisourcear irradiance changes. This suggests that these same fac-
approach over more limited evaluations. tors may have induced trends prior to the 1950s as well. To

Observations of stratospheric water, total column ozone €XPlore this possibility, we extend the stratospheric ozone

and tropospheric ozone therefore overconstrain the reactivd€"ds throughout the industrial era again based on model-
greenhouse gases (except for tropospheric water), allowin{d driven by observed trends in the long-lived GHGs (IPCC,

us to develop a complete scenario for their evolution from<001) and reconstructed solar irradiance (Lean et al., 1995),
the 1950s to the 1970s. The available data sets, however, af® N0 direct observations are available.

subject to valid criticisms, especially as to their spatial and Increased water vapor results from increased methane, and
temporal coverage, but there is unfortunately no other datdrom greater transport from the troposphere to the strato-
available. Since there are no known ways to extract historsphere. The latter seems likely to have been caused by in-
ical values for the reactive greenhouse gases, these limitegreased residual circulation (Zhou etal., 2001) which is prob-
data are all we have to work with. However, the consistencyably related to the long-term buildup of GHGs, as GCMs
of the five data sets with each other and with the model reroduce increased circulation in response to increased GHGs
sults lends credence to the trends presented here. While biRind et al., 1998; Butchart and Sciafe, 2001). An additional
no means definitive, it is reasonable to evaluate these proPossibility is that industrial pollution has reduced rainfall
posed long-term trends not only against the evidence for theifRosenfeld, 2000) (in accord with observations in the sub-
existence, as presented here, but also against the evidence fé@pics, but opposite to observations in the tropics), increas-
the standard, default assumption that the abundance of theded the abundance of tropospheric water vapor, which can be
gases, especially stratospheric ozone, did not greatly chandé&e limiting factor in transport to the stratosphere in some
from the mid-1950s to the mid-1970s. The little data avail- Seasons. In either case, we can then assume that water va-
able do appear to indicate significant changes. Thus whild0r and ozone changes were largely driven by anthropogenic
this reevaluation of changes in ozone and in stratospheri@ctivities.

water vapor relies upon sparse data, and therefore our con- The water vapor trend due to increased methane oxida-
fidence in the exact values derived here is low, it neverthelestion can be straightforwardly calculated from the historical
seems the most plausible scenario yet developed. methane trend using the photochemical model. The resultant
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increase in water vapor since the preindustrial is about 1.3 Climate impacts
ppmv in the lower stratosphere. The water vapor increase
due to transport can be estimated by scaling the observedo explore the climatic effects of these potential ozone
transport-related increase (that portion of the observed inchanges, we have calculated the tropopause radiative forc-
crease that cannot be accounted for by increased methariag from the multisource ozone trends using a stratosphere-
oxidation) by carbon dioxide changes, the presumed mairfroposphere version of the GISS GCM with 4 by 5 degree
driver of the increase. While there is no guarantee thathorizontal resolution and 31 vertical layers. Forcings due to
change in water vapor transport varied linearly with O stratospheric ozone are adjusted, while tropospheric forcings
back into the past, observations over the past 4 to 5 decadeye instantaneous. Note that the stratospheric ozone radiative
do not suggest strong long-term non-linearity (Rosenlof etforcing is not purely a ‘forcing’ in the traditional sense of be-
al., 2001). Carbon dioxide increased by about 30% froming attributable to a particular change external to the climate
1850 to 2000, versus 20% from 1952000 (during which ~ system, as increased water vapor may be partially due to cli-
the observed water vapor increase due to transport appears ate feedbacks. Similarly, the tropospheric ozone changes
have been about 1.4 ppmv). Thus the total water vapor infnay have arisen partially from climate feedbacks such as
crease from 1850 to the present would have been about 3.dhanges in lightning or in production of hydrocarbons from
ppmv in the stratosphere, with 2.1 ppmv from transport andthe biosphere, but we follow convention and calculate the to-
1.3 ppmv from methane oxidation. Assuming the same 45%al ‘forcing’ from ozone changes to be comparable with other
uncertainty as in the 20th century observations gives a trenavorks. Our reevaluated stratospheric trends were added to
of 3.4+ 1.5 ppmv. Note that while the transport-related measured 19791997 losses, while for tropospheric ozone,
increases are assumed to be roughly uniform with altitudewe used the difference between the scaled 1950s global dis-
above the tropopause, methane oxidation produces relativellfibution and present-day climatology. Forcings for the mid-
little water vapor near the tropopause, where the radiative im-1950s to the present wered.15-+ 0.05 W/n¥ for the strato-
pact is largest, though its production increases sharply wittsphere (versus-0.10 W/nt using only the observed deple-
altitude above that region. Values given here are representdion after 1979 in the GISS model; Hansen et al., 2000) and
tive of the water increase due to methane oxidation severad.38= 0.10 W/n? for the troposphere.
km above the tropopause, where it is fairly large, but its ra- The effects of the changes extrapolated back to 1850 were
diative impact will be smaller than for transport-induced in- also calculated, using the reactive GHG changes described
creases. Given the uncertainties in these estimates of wat@bove. The forcing was-0.18+ 0.08 W/n for the strato-
vapor changes, we also investigate the ozone changes excludphere. Recognizing the difficulty in ascribing uncertainty
ing variations in water vapor, as for the 1951975 period. to trends based on sparse historical data, we assign a sub-
jective confidence level (IPCC, 2001) of ‘low’ to the prein-
The modeled stratospheric ozone trend for 185975 is  dustrial to present-day stratospheric forcing. For the tropo-
—9+ 4 DU (Table 2), almost the same as that calculated forsphere, the value is 0.7 WAwhen surface ozone is forced to
the 1957-1975 period. Thus we believe that stratospheric 10 ppbv, similar to that calculated in other modeling exper-
ozone changes took place primarily during the latter half ofiments that disregarded the standard assumptions of prein-
the twentieth century. Additionally, these long-term trends dustrial sources and instead forced ozone concentrations to
suggest that greenhouse gases (w@®Mnd water) may af- match purported preindustrial surface observations (Kiehl
fect future ozone recovery. et al., 1999; Mickley et al., 2001), and near the high-end
value of 0.77 W/rd calculated without tropospheric chemical
Minimal quantitatively reliable data are available to extend production in the preindustrial (Hauglustaine and Brasseur,
tropospheric trends back in time. Nineteenth century sur-2001).
face observations are the only data available for the reactive The stratospheric ozone forcing is slightly larger than
GHGs (Volz and Kley, 1988; Marenco et al., 1994; Sandroniother estimates (Hansen et al., 2000; IPCC, 2001) (at least
and Anfossi, 1994; Pavelin et al., 1999). There are manythose using the latest ozone change profile; WMO, 1999),
questions about the quantitative reliability of these data, how-which assumed no stratospheric loss prior to the 1970s. Ra-
ever, other than for the measurements from Montsouris (Volziative forcing from tropospheric ozone was likely small, but
and Kley, 1988). As an exercise, we can scale our modeleashon-zero prior to the 1950s. Anthropogenic nitrogen oxide
preindustrial to present-day change to match these purporteemissions approximately doubled, increasing by about 10
observations. The GCM does reproduce the observed relaFg/yr from 1890 to 1957 versus an increase of about 20 Tg/yr
tionship between surface ozone and the rest of the tropofrom 1957 to 1990 (van Aardenne et al., 2001). If the ozone
sphere, as noted previously. The scaling required to reproehange and forcing were to follow the nitrogen oxides, one
duce the observed values of around 10 ppbv at 16 locationsf its most important precursors, this would suggest an ad-
covering wide areas of both hemispheres is 1.5. This wouldditional forcing of around 0.2 W/#& for a total tropospheric
yield inferred 1850 to 1975 tropospheric increases of 15 andzone forcing from the preindustrial to the present of about
4 DU over the polluted continental NH and SH, respectively. 0.6 W/n?. In any case, our multisource tropospheric 0zone
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forcing from the 1950s to the present (0.38 \WJntombined  lutant aerosols over the long lifetime of the GHGs, or to face
with any plausible estimate of forcing prior to the 1950s, a greater portion of the GHG induced warming if we reduce
is near or exceeds the high end of current preindustrial tahe emissions of the short-lived aerosols.
present-day estimates from chemistry-climate models driven Though no additional measurements can be taken of his-
by the standard assumptions for preindustrial emissions (giviorical ozone and water vapor, new or improved analyses
ing a forcing of 0.35+ 0.15W/n¥; IPCC, 2001). such as the recent studies of stratospheric water vapor and
our analysis of the total column ozone data may appear in
the future. Such studies might improve the reliability of his-
6 Summary and conclusion torical trends estimates. Until then, however, the present es-
timates take into account all available relevant data, and thus
The historical behavior of the short-lived greenhouse gasegrovide a potential reconstruction of past trends in the ra-
ozone and water vapor prior to the coincident large increasgjiatively and chemically active trace gases ozone and wa-
in stratospheric halogen loading and arrival of satellite obserter which is otherwise unavailable. While the trends de-
vations is not well-known. Using newly available data, we rived here are quite uncertain due to the data limitations,
have studied their evolution prior to halogen-induced 0zoneat minimum, they give an idea of how much the default as-
depletion. Although data coverage is poor, the coupled atsumptions (no stratospheric trend prior to 1980, tropospheric
mospheric system is more tightly constrained than individ-trends from models) may be in error, and emphasize the im-
ual trends, allowing changes to be estimated with greateportance of gaining a better understanding of these historical
confidence. The scenario that yields optimal consistencyrends.
with all the available mid-latitude data during 1957975
is: a stratospheric ozone decrease-6ilb DU, tropospheric
ozone increases of about 1 DU in the Southern Hemispher@ppendix A: Analysis of 1957-1975 ozone column data
and 6-10 DU in the Northern Hemisphere, and stratospheric
water vapor increases of about 8B.0 ppmv. The results Column ozone data were obtained from the World Ozone
suggest that twentieth century stratospheric ozone depletiobata Center in Toronto. Station data used in calculat-
may have been roughly 50% more than is generally suping trends were summarized in Table 1. The seasonal cy-
posed, but not clearly visible in the early column data duecle was removed from all stations prior to analysis, which
to the offsetting effect of increasing tropospheric ozone pol-was preformed using the least-squares technique on annual
lution. mean data. Stations located in very large metropolitan areas
The radiative forcing due to the stratospheric ozone(> 3 million population in 1975, which includes New Delhi
changes would have been abouD.15Wi/n? since the and Buenos Aires) were not used, as these are not likely to
1950s, while that due to tropospheric ozone would have beete representative of larger scale trends. Stations at all alti-
about 0.4 W/rA. The latter value is near the high end of the tudes were included. For the ‘best estimate’ case, the data
forcing derived from models for the entire industrial era, andat each station were screened as follows: we required that
is nearly half the 0.9 W/fmfrom CO; since the 1950s, sug- a minimum of forty percent of the years during the chosen
gesting that ozone may have played a larger role in recentime period contain data, and a maximum standard deviation
global warming than previously believed. Of course regionalof 8 Dobson units (DU) per decade (16 DU over the entire
variations in the forcing due to inhomogeneous gases sucperiod) in the least-squares regression was allowed, to elimi-
as tropospheric ozone are much larger than that for longhate stations with less reliable data, assuming that very large
lived GHGs, so that this comparison tells only part of the variability was related to measurement problems. Addition-
story. The results suggest that alternative scenarios for slowally, the analysis was restricted to the 20 to 55 degree latitude
ing global warming via controls on tropospheric ozone andbands in each hemisphere, as data were most abundant in
methane (Hansen et al., 2000) may be quite useful (thouglhese regions. We judged it preferable to obtain the most ac-
the relative importance of GOis likely to increase in the curate value for mid-latitudes for comparison with the model,
21st century). Furthermore, tropospheric ozone is harmful tarather than to include data from the tropics and polar regions,
human health and agriculture, so that reductions are highlyhere coverage is extremely sparse, and the behavior of the
desirable. reactive GHGs can be somewhat different. As in the main
Additionally, under the scenario proposed here, past ratext, we use 2-sigma uncertainties throughout this Appendix
diative impacts of GHGs plus ozone may have been morgexcept for trends at individual stations, for which we give
positive than previously believed. This implies that the role 1-sigma uncertainties as in Table 1).
of aerosols in offsetting the GHGs may be towards the high There are known problems with some archived data. We
end of current estimates (the uncertainty of the indirect effecthave corrected for Kagoshima data being 9 DU too low from
of aerosols is large enough to encompass significant changdédéovember 1963 to July 1967, and during the 1970s (WMO,
in this value). This would leave us with a troubling situation, 1999). The Macquarie Island instrument was changed in
where we are forced to either continue our emissions of pol-1962 and again in 1972, and other minor corrections have
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Table 4. Total column trend estimates for alternative selection criteria

Time Minimum  Maximum latitudes SH trend NH trend
Coverage station & 2-sigma & 2-sigma
variance uncertainty  uncertainty
Best estimate  1957-1975 40% 16 20-55 -D6.6 35+22
1957-1975  20% 16 20-55 —9.6t 6.6 35+22
1957-1975  60% 16 20-55 -8.3 7.0 24+ 24
1957-1975 40% 20 20-55 -10.1-6.4 3.4+22
1957-1975 40% 12 20-55 -8.3t 7.0 34+22
1957-1975 40% 16 20-50 -9.8+6.8 1.9+24
1957-1975 40% 16 30-55 -10.3+94 24424
1957-1975 40% 16 2060 -9.6+6.6 35+22
1959-1975  40% 16 20-55 -6.46.4 25+22
1957-1973  40% 16 20-55 -8.67.0 49+24
Altitudes 1957-1975 40% 16 20-55 —9466.6 45+£26
0-1500 m
Removing 1957-1975 40% 16 20-55 —9466.6 40+24
corrected
stations

Bold face is used to highlight the parameter changed in each test. Maximum station variance gives the maximum 1-sigma standard deviation
allowed for the trend estimate over the entire 19 year period. Minimum coverage gives the percentage of years containing data required.

been noted there (Lehmann, 1994). Though we did not rewise result (and may account for some of the very large trend
move data from any other stations, we have only used datastimates calculated during the 1970s). Discontinuities were
from 1963-1972 taken with a single instrument for Mac- adjusted by removing the difference between the early data
quarie Island, choosing to be extra cautious in the data-pooand the same months in the subsequent one or two years. The
SH. However, we note that though the 1951059 data are  biases were: Kagoshima data 13 DU too high prior to 1961,
high, it is not clear that they are systematically biased. ForSrinagar data 32 DU too low prior to 1963, Quetta data 61
example, both 1958 and 1964 are years containing data fobU too low prior to March 1958, and Bismarck data 31 DU
each month. The 1958 data are within 5 DU of the 1964too low prior to February 1958 (both New Delhi and Buenos
data in 4 months, and the 1958 data falls within the range ofAires also exhibited sharp discontinuities, giving another rea-
that seen in later years in 9 months. If all data prior to 1972son to exclude them from the trend estimations). To test the
are used, the negative trend becomes much large4.3+ influence of the adjusted NH data, we repeated the “best esti-
10.2 (1-sigma) DU). A similar value is obtained adding in mate” analysis excluding all data that had been adjusted. The
the 1973-1975 data, which yields a trend ef21.6 + 7.6 NH trend was then 4.8 2.4 DU, quite similar to the 3.5
(1-sigma) DU. Using the latter trend in the best estimate cas®.2 DU trend when the adjusted data is included.

would change the overall result t611.8 + 6.2 DU, well ,
within the uncertainty of the 19631972 trend used here. A least-squares regression was performed on the corrected
annually averaged data from each station meeting our crite-

After correcting these known problems, we carefully in- ria, and hemispheric averages and uncertainties were calcu-
spected the data by hand to look for obvious discontinuitiedated weighting the data according to the trend confidence
during the early portions of the measurements (‘jumps’ inlevel at each station. We chose not to use a multiple linear
the data). Though a great many observational groups haveegression model as we have already removed short-term sea-
contributed data to the center, a great deal of effort will still sonal variability, and longer-term variability is either weak,
be required to make this data more useful to the wider com-or accounted for in other ways. Variability due to the QBO
munity by correcting problems. Our present analysis couldlargely averages out over the 19 years of our trend analysis.
likely be improved upon by selecting for ozone data which In a multiple regression, it only accounts for around 0.5 DU
maintained its short-term correlation with local meteorology over two decades (Chandra et al., 1996) in any case. Long
(e.g. 100 hPa temperatures) throughout the observational peéerm variability from the sun is accounted for in the chemical
riod, though this would require a very thorough analysis of model, so we include it in the trend for a proper comparison.
the ozone/meteorology relationship beyond the scope of thiSince solar impacts are not necessarily linear, we believe that
paper. We discovered numerous systematic biases, which wiis method is as useful as multiple linear regression. We
corrected to remove the spurious trends which would other-are thus able to demonstrate that the data reveal trends even
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with minimal processing. We note that our conclusion thattrend in 16 out of the 31 stations from 265° N overlaps
column ozone was increasing at NH mid-latitudes prior towith the best estimate 3 2.2 DU mid-latitude trend given
1975 is consistent with earlier analysis covering the periodabove, and the overlap is 25 out of 31 stations using 2-sigma
1964-1975 using a multiple regression model (Krzyscin, uncertainties. Relaxing the selection criteria in the tests de-
1994). Many choices for screening criteria were evaluatedscribed above allowed four additional stations to pass the test.
Selection criteria that were a great deal more restrictive tharThey were Churchill (59N), which showed a trend 6£2.5
the ‘best estimate’ excluded so many stations that the hemi- 10.2 DU (1-sigma), Wallops Island (38l), which showed
spheric trends were much more uncertain, as did much lesa trend of—15.2+ 16.2 DU (1-sigma), Lisbon and Aarhus.
restrictive criteria, due to the inclusion of stations with ex- The latter two stations contained multiple data jumps that
tremely large variability. could not be easily corrected, however, so were not included.

To test the influence of the selection criteria, we reana- In the SH, only four stations fit the selection criteria. All
lyzed the data using perturbations about the optimal criteriastations used the same instrument type throughout the mea-
(a) varying the minimum fraction of years from 40% to 20% surement period, and every station shows a negative trend
and 60%, (b) varying the maximum standard deviation in thein total ozone (see Table 1). This suggests that the nega-
least-squares regression computed at the individual stationgve trend may be somewhat robust, though the uncertainty
from 16 to 12 and 20 DU over the trend period, (c) vary- remains large due to the small sample size.
ing the latitude and altitude ranges, and (d) varying the time
period for the analysis. These sensitivity tests gave trend esacknowledgementsThe authors thank Jim Hansen, Gavin
timates all within the 2-sigma confidence interval for the bestSchmidt, and David Rind for comments, and NASA's Atmospheric
estimate (Table 4). The derived trends are thus relativelyChemistry Modeling and Analysis Program for financial support.
robust to the data selection process (the key factors, a sig-
nificant negative trend in the SH and a significant positive
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